In the coming decades, the task of an air traffic controller is expected to shift to one of strategic, trajectorybased air traffic management. This form of air traffic control is no longer possible without the help of automated support tools. In previous research, it has been shown that the time-space diagram, combined with a conventional plan view display is a good candidate for supporting an air traffic controller with the inbound planning task in the future situation. However, in this initial study, the vertical plane was not yet fully included. Secondly, during an initial validation experiment, creating and maintaining a 'mental picture' of the traffic was reported to be a difficult task. These findings lead to the re-design of the interface in the current research, which focuses on implementing the vertical plane and improving the integration of information across the successive displays. An experiment has been performed with a PC-based simulation which validates that the enhanced interface can be used to manage the air traffic safely and efficiently. Secondly, it has been shown that the ability to manipulate the speed of an aircraft in the adjacent sector can significantly increase situation awareness and reduce controller workload.
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Four I. Introduction C URRENTLY, air traffic controllers (ATCos) perform a sector-based tactical form of control. They are responsible for planning and managing traffic within their assigned airspace, often with little help from automated tools. 1, 2 In the coming decades, the task of an air traffic controller is predicted to undergo a large transformation. The pull for transformation comes from the increasing demands which are placed on the air traffic management (ATM)-system. [3] [4] [5] A push is provided by technological advances on the air-and ground side of the ATM-system, which make a new form of air traffic control (ATC) possible. 6, 7 The proposed transformation of the ATM-system itself is mainly focused on increasing capacity, safety and efficiency, enabled by an increased amount of data exchange between the ground-(control centers, airports) and air (aircraft) segment. [8] [9] [10] For this purpose, the four-dimensional trajectory (4DT) is introduced, which specifies an aircraft's planned trajectory in three spatial dimensions and in time. In a mature state, at all times, for all controlled aircraft, the 4DTs are envisioned to be available to both the control centers and the aircrew involved. 6 Both the ATCo and aircrew will be able to negotiate changes to the plan via data-link, for instance to avoid bad weather, to assure separation, or to manage arriving and departing traffic. As a consequence, the task of an ATCo is expected to shift to one of strategic four-dimensional trajectory-based control. 6, 10, 11 In this form of ATC, time is added as an explicit control variable, which will make the planning more flexible and accurate. However, due to the extra level of abstraction, this type of ATC is no longer possible without the support of automated tools.
In previous research, 12 a human-machine interface (HMI) has been developed to visualize these 4DT's and support the air traffic controller in planning and managing the air traffic in this future situation. One of the main considerations during the design of the interface was to keep the air traffic controller fully in the loop of the decision making process and to let the human continue to be the key decision maker (human-centered automation 13 ). The role of an Area Control Center (ACC)-ATCo was taken as a focal point, focusing on managing inbound streams of traffic through their designated airspace into the terminal maneuvering area (TMA) of an airport. Whereas the planned times along an aircraft 4DT are discretely displayed for a certain metering fix in other experimental interfaces, 9, [14] [15] [16] the basis of the new HMI was formed by a dynamic time-space diagram (TSD). Following the principles of Ecological Interface Design (EID), 17 the relevant constraints to the task of the ATCo were visualized on the TSD, forming a foundation on which the ATCo could base their decisions. With the HMI, an initial validation experiment has been performed, which showed that this type of interface indeed provides an ATCo the means to safely and efficiently manage air traffic. However, the experiment also revealed certain areas which are in need of further research.
The focus of the current research lies on enhancing the interface, following the recommendations made in the previous research. First, the TSD has been combined with a vertical situation diagram (VSD), which is used for visualizing additional constraints in the vertical plane, and to offer direct manipulation of the vertical profile. Secondly, the options to manipulate the 4DT of an aircraft have been expanded, providing the controller with more freedom in planning the trajectories. And finally, two new tools have been developed to aid the ATCo with interpreting the information shown on the TSD and VSD, and relating it to the spatial traffic situation on the plan view display (PVD). These are the visualization of conflicts, and the option to dynamically project the future traffic situation on the PVD. The current research resulted in a re-design of the interface, with which an experimental validation has been performed. This paper describes the re-design and validation of the interface, and is structured as follows. In Section II, the hypothesized future situation for ACC is discussed, serving as a baseline scenario for which the interface has been designed. Section III gives a brief overview of the previous research, from which the findings and recommendations form the starting point for the re-design. In Section IV the enhancements made to the interface, and its implementation in a PC-based simulation, will be discussed in more detail. The validation experiment and the feedback and results which were obtained are described in Sections V and VI, respectively. The results are discussed in Section VII and the paper ends with conclusions and recommendations for future research.
II. Future inbound traffic management
In this section, the hypothesized future situation of air traffic management for an ACC-controller will be discussed, focused on managing inbound traffic. Here, the architecture of the ATM-system will make heavy use of time-based operations. The language in which the aircrew and ATCos communicate will be one of four-dimensional trajectories, any negotiation or renegotiation of a previously agreed trajectory will always result in a new 4DT. 7, 11 The amount of data required to make this possible implies that this type of ATC cannot be conducted by voice alone. Also, instructions which require immediate compliance by the pilot are not easily adapted to the amount of time which is required to enter them in the aircrafts flight management system (FMS) manually. 6 Therefore, direct communication with an aircrafts FMS through data-link will likely come to play an essential part in the future task of an ATCo.
The assumption is made that traffic will be able to execute operator preferred trajectories in the en-route phase of flight, with little or no intervention from air traffic control. As a result, inbound traffic will enter the ACC sector from various directions, with various speeds and at various altitudes. Secondly, the assumption is made that inside the terminal maneuvering area (TMA) of an airport, three-dimensional fixed routes will be implemented. The main goal of this is to make (time-based) continuous descent approaches (CDAs) possible, 18, 19 reducing noise, and avoiding the spread of noise to densely populated areas. As a consequence, the task of inbound traffic management by an ACC-ATCo will focus on the trajectory-based merging of different streams of traffic, and on delivering the traffic to the entry points (IAFs) of the TMA at a precise time.
A. Merging by Area Control
Because the TMA of an airport usually has more entry points than there are landing runways in use, the various traffic streams have to be merged inside the TMA (Figure 1 ). When fixed routes are implemented inside the TMA, only small changes can be made to the final arrival time of an aircraft at the runway once it has physically entered the terminal sector. Consequently, in order to create a workable situation for the approach (APP) controller, the ACC-ATCo will have to precisely plan and execute the arrival times of the aircraft at the fix. Secondly, to achieve an efficient stream of traffic and a high landing capacity, the sequence of aircraft and wake-vortex spacing also has to be taken into account by the ACC-ACTo before the traffic enters the TMA. B. Multi-sector coordination: speed requests to the adjacent sector
In most cases, Western European ATC sectors are relatively small, and the descent of an inbound aircraft often spreads though several sectors. If the quantity of inbound traffic from adjacent sectors temporarily exceeds the amount of traffic which can safely enter the TMA, aircraft will have to be delayed in the ACC sector. Delaying aircraft is often performed by means of path stretching (detour or holding pattern). However, a more efficient way in which to cope with these delays would be to already slow down aircraft in the adjacent sector, such that path stretching can be avoided. This could reduce ATCo workload, increase the efficiency of the overall traffic flow, and is often more efficient in terms of fuel consumption. In the experimental validation of the interface described in the following section, the option to create an extra margin in arrival times by this type of multi-sector coordination was found to be widely used and appreciated. However, the effect of issuing speed requests to the adjacent sector on the controller workload, Situation Awareness (SA), and to the overall efficiency of the traffic remained to be investigated. Therefore, this was addressed in the experimental validation which has been performed in the current research.
III. Previous research
In our previous research, 12 an interface has been developed for supporting the ACC-ATCo in performing this trajectory-based form of inbound air traffic control. The design of the interface followed the principles of Ecological Interface Design (EID), which focuses on how the environment, or ecology, imposes constraints on the work of a human operator. 17 In order to let the (human) ATCo remain to be the key decision maker, the design was focused on graphically presenting the relevant constraints for the ATC task on the interface. Consequently, this presentation formed the foundation on which the ATCo could base their decisions. Secondly, since multi-sector coordination was found to be important for the efficiency of the traffic flow and to prevent path stretching, support for multi-sector coordination was added by visualizing whether a speed request to the adjacent sector is something that is useful and feasible.
A. Basics of the HMI
The planning interface was formed by a time-space diagram, which displays the planned times versus the along-track distance of an aircrafts 4DT. The identified constraints for the inbound planning task were then graphically translated onto the TSD, providing the ATCo with the necessary information to control the traffic safely and efficiently. Finally, the interface was constructed and evaluated in a PC-based simulation program. Figure 2 shows a detailed sketch of the interface, when a single aircraft is selected. As the HMI was designed to be used alongside the conventional plan view display, the PVD is also shown in the figure. The main elements of the interface, as shown in Figure 2 , are:
1. Speed constraints: Speed constraints are visualized as 'triangles' on the TSD, indicating the feasible range of time-space lines (bounded by the aircrafts minimum and maximum speed) along the present trajectory. The outer triangle indicates the feasible range of time-space lines when a change to speed is issued in the adjacent sector. The inner triangle indicates the feasible range when a change to the aircrafts speed is made inside the own sector. At the time axis of the TSD, these constraints visualize the margin of arrival times at which the aircraft can enter the TMA by a change in speed alone. The currently selected time-space line of the aircraft is highlighted in black.
2. Traffic sequence: Labels containing the aircraft identification codes (ACID) of the inbound traffic are located to the right of the TSD, and are placed at the time at which the aircraft is planned to arrive at the fix. There are three columns. In the left column the ACID of the selected aircraft is shown. The labels of the other traffic are located in the middle and right columns, beneath their planned fix. By direct manipulation, a different arrival time at the fix can be selected by dragging the ACID of the selected aircraft along the time axis of the TSD.
3. Wake-vortex separation: The blue bars indicate the aircrafts time slot at the runway. The length of the blue bars relates to the required wake-vortex (time-based) separation between aircraft at the runway. The placement of the bars with respect to the aircrafts arrival time is dependent on the approach fix, and accounts for the difference in length of the two fixed routes inside the TMA. When the blue bars are neatly 'stacked' and do not overlap, this indicates a safe and efficient merging and planning inside the TMA.
Separation constraints:
The forbidden zones on the TSD visualize regions in the time-space domain, through which the time-space line of an aircraft may not pass; there will be a loss of separation. The location along the horizontal axis indicates the along-track section of the trajectory which is occupied by conflicting traffic. The location along the vertical axis indicates the time of occupation.
B. Initial validation experiment
An (initial) experimental validation has been performed with the above displayed interface to find out two things:
• Can the interface actually be used to manage inbound traffic safely and efficiently?, and
• What should be the focus of further development?
Ten test subjects participated in the experiment; five of them certified air traffic controllers, the other five had relevant working experience in the ATC domain. The subjects were given four different traffic scenarios to solve, with increasing difficulty (higher aircraft count and bunching). They were asked to plan the trajectories of the inbound aircraft without loss of separation in the own sector, and to merge the traffic streams inside the TMA (stacking the blue bars). After the experiment, the subjects filled out a subjective questionnaire concerning the use and their overall appreciation of the interface.
C. Conclusions and recommendations
From the feedback obtained by the questionnaires, and the comments which were made by the test subjects during the validation, a number of conclusions and recommendations were drawn.
The new interface indeed provides the means for an ATCo to manage inbound traffic safely and efficiently, without loss of separation. Almost all test subjects agreed that the direct manipulation of the arrival time at the fix worked pleasantly. Secondly, the importance of multi-sector coordination was underlined by the fact that all ATCos liked to use the option of issuing speed requests to the adjacent sector.
However, the results also revealed areas of the HMI which were in need of further research. The fact that the vertical dimension could not be controlled was seen as a deficiency by the ATCos, who often use the vertical plane to separate aircraft in the current operation. Also, there was no clear relationship between the generation of the forbidden zones in the TSD and the vertical profile of the aircraft. Secondly, the level of situation awareness was reported to be poor. Combining the information displayed on the TSD and PVD to create a complete mental picture was found to be difficult for almost all test subjects. The planning interface was often used as a primary tool for controlling the traffic, neglecting the PVD completely and fully trusting on the information displayed in the TSD. Therefore, the following recommendations have been made:
• The manipulation of the vertical profile, and its relation with the TSD should be integrated in the interface to make it more complete,
• Coordination between adjacent sectors should remain part of the future development, and
• Adding sequence numbers to aircraft and displaying conflicts on the PVD could improve the integration of information.
IV. The re-designed interface
For the current research, the overall goal of developing an interface to support the ACC-ATCo in a future trajectorybased form of ATC remains the same. The previously developed interface forms the starting point to which a number of enhancements have been made. From the conclusions and recommendations which followed from the initial validation experiment, three main areas of focus have been derived. These are:
• Introducing the vertical plane,
• Enhancing the control options for manipulating a 4DT, including the vertical profile as a control variable, and
• Improving the integration of information between the planning interface and plan view display to increase situation awareness.
A. Introduction of the vertical plane
The plan view display and time-space diagram are used to visualize the horizontal path and planned times of a 4DT, but do not give any direct or continuous information about the planned vertical path. However, when considering the constraints posed to the task of the ATCo, most have a direct relationship with the vertical plane. Conflicts between aircraft can be resolved by vertical separation, and the vertical profile has a direct influence on the feasible speeds and the geometry of the 4DT. The combination of a PVD and TSD alone, therefore, only provides a partial representation of the environment and boundaries within which the ATCo has the freedom to control in current operations. As a starting point, a vertical situation diagram (VSD) has been added to make the interface more complete.
Vertical Situation Diagram (VSD)
To support the ATCo (or any controller of a complex system) with creating a solid and correct 'mental picture' of the controlled system, the basic perception of important and relevant information is crucial. 20 Therefore, a clear and continuous representation of the vertical plane is a necessary addition to the interface. When an aircraft is capable of following a precise 4DT, for many points along its trajectory, a spatial location, altitude and time are known at which the aircraft is planned to pass that point. In the previous research it was shown how a TSD can be created by connecting the times at these consecutive points. Similar to the generation of a TSD, by connecting the consecutive altitudes, a VSD can be constructed. As the altitudes and times are obtained from the same along-track distances, these two diagrams can be combined. An example of the combination of a time-space diagram and a vertical situation diagram is given in Figure 3 , for an inbound aircraft which is en-route to an IAF. The top graph is the TSD indicating planned time versus distance to go to the IAF. The bottom graph is the VSD indicating planned altitude versus the same distance to go. The current distance of the aircraft from the fix is indicated at the intersection of its time-space line with the horizontal axis. The current altitude of the aircraft is indicated directly below the current position. From the TSD, the arrival time at the IAF follows from the time at the intersection of the time-space line with the vertical axis. In the VSD, the aircrafts vertical profile is shown along its trajectory. As time progresses, the vertical (time) axis of the TSD will shift downwards. The intersection of the time-space line with the horizontal axis, together with current location along the vertical profile, will then shift to the right (towards the IAF).
As the interface is now expanded with a continuous visualization of the vertical plane, the VSD will serve as a basis onto which the additional vertical constraints will be mapped.
Vertical separation constraints
The most important task of any ATCo is to keep the traffic conflict free at all times. In civil ATC sectors, the required minimum separation between a pair of aircraft is typically defined as 5NM horizontally and 1,000ft vertically. These will be referred to as the horizontal and vertical separation criterion respectively. Subsequently, a conflict occurs when both criteria are violated at the same time. A cylindrical shaped zone can be defined around each aircraft, called a protected zone, in which other aircraft may never enter.
In the previous research it was shown how these protected zones can be translated to forbidden zones on the TSD. With the addition of the VSD, forbidden zones can now also be visualized in the vertical plane. Figure 4 shows an example of how such a zone can be generated in the VSD of aircraft A due to aircraft B. In this figure, the separation circles around both aircraft indicate a radius of 2.5NM. As a consequence, the horizontal separation is violated when the circles overlap. Aircraft A and B, both flying at a constant altitude, will perpendicularly cross each other's trajectory, resulting in a violation of the horizontal separation criterion at a certain point in time. Note that in the final VSD the vertical profile of aircraft A is also shown, however, it has been omitted from Figure 4 . Sketches of typical forbidden zones created by conflicts in the vertical plane are shown in Figure 5 . Here, the VSD belongs to aircraft A, and the forbidden zones are caused by aircraft B. The solid line represents the vertical profile of aircraft A, and the dotted line indicates the contour of the forbidden zone. When the vertical profile passes through a forbidden zone, aircraft A will be located inside the protected zone of aircraft B at a certain point along the trajectory; i.e., there will be a loss of separation. 
Relationship between the forbidden zones in the TSD and VSD
As forbidden zones are now visualized in both the TSD and VSD, it is important to clarify their mutual relationship. For this purpose, the zones will be classified in two categories; potential-and real conflicts. Potential conflicts are forbidden zones through which an aircrafts time-space line and vertical profile do not pass. These have a cautionary function, and can be useful for the ATCo when manipulating a 4DT.
Per definition, the cautionary zones visualized on the TSD and VSD cannot originate from the same cause. For zones in the VSD: the vertical separation implies that the conflicting aircraft will never actually intersect with the trajectory of the observed aircraft. Similarly for the TSD: the time-based separation implies that the horizontal separation criterion between the two aircraft will never actually be violated.
On the other hand, real conflicts will always result in a mutual pair of forbidden zones. A real conflict implies that the observed aircraft will be located inside the protected zone of a conflicting aircraft along a certain section of its trajectory. Consequently, both the horizontal and vertical separation criterion will then be violated. Relating this to the forbidden zones shown on both diagrams; for all distances at which the time-space line passes through a forbidden zone, the vertical profile also passes through a forbidden zone and vice-versa.
To illustrate this, Figure 6 shows an example of coupled forbidden zones. It can be seen that there will be two real conflicts along the observed aircraft's trajectory. Note that the TSD also shows two potential conflicts in the time-space domain, and the VSD shows one potential conflict in the vertical dimension. The figure shows how the along-track distances of forbidden zones due to real conflicts in the TSD and VSD relate. The mutual distances are indicated in red along the distance axis (this is not shown in the interface). Furthermore, the forbidden zones in the VSD provide additional information about the vertical nature of the conflict; the first conflict is caused by a crossing aircraft at the same altitude, and the second conflict is caused by a faster descending aircraft close to the fix. 
Idle descent assumption
In the previous research, for the calculation of the four-dimensional trajectories, a constant descent angle of two degrees towards the IAF was assumed. This ensured that an aircraft could fly along a 4DT with all speeds within its speed envelope. However, with this relatively shallow angle, the descent of the aircraft stretches over a long ground track. When considering the size of an average ACC-sector in Western Europe, in most cases, the descent would already have to be initiated in the adjacent sector. This type of descent leaves little room for manipulating the vertical profile in the own sector. Secondly, when all aircraft descend with the same angle to a single point (in this case, the IAF), the traffic movements are restricted to a (sloped) two-dimensional plane. Resolving conflicts or delaying aircraft by means of path stretching is then more likely to result in a new conflict with other traffic.
To enable the manipulation of the vertical profile, and to let the aircraft move out-of-plane, a new type of descent has been used in the current research. The aircraft are assumed to cruise at their initial flight level until top of descent (TOD) to the IAF. The aircraft will then descend towards the fix with idle thrust, and at a constant Indicated Airspeed (IAS). As a consequence, the aircraft will descend with their maximum rate of descent (ROD) at a given IAS. Note that such descents are frequently performed during current night-time operations in the Amsterdam FIR for reasons of noise abatement.
This assumption however constrains the minimum feasible speed at which the aircraft can fly along the 4DT by the required ground track to perform the descent. In general, most aircraft can descend at a steeper angle when flying at a higher IAS (for all altitudes). Consequently, the required ground track to descend is shorter with a higher speed. Now assume that an aircraft is close to its TOD, and is flying at its maximum IAS. Any speed reduction would cause the aircraft not to meet the altitude constraint placed at the fix (FL70 for the current research). This is implicitly taken into account during the calculation of the feasible time-space lines in the TSD; when an aircraft is close to its top of descent, the controller will have little options to slow down the aircraft.
B. Improved manipulation of the 4DT
The overall purpose of the interface is to support the ATCo with maintaining a safe and efficient inbound planning.
In order to cope with delays, and for reasons of separation, the controller must therefore be able to manipulate the planned trajectory of each individual aircraft. In current ATC operations, an ATCo can issue vector instructions to change an aircrafts present speed, route/heading or altitude. When considering the manipulation of a 4DT however, each renegotiation of a previously agreed trajectory will always result in the generation of a new 4DT; a single change will have an effect along the entire trajectory. Because of the complexity of this task, the interface has been designed as a direct manipulation interface (DMI). 21 By direct graphical manipulation of certain 'goal variables', the complete trajectory will be recalculated and the implications will immediately be visualized to the controller. Consequently, the controller is then able to perceptually determine if their action is useful, and furthers their goal.
The choice for the 'arrival time at the fix' as a goal variable to manipulate (rather than speed directly) was reported to be a pleasant method of working, and therefore will remain unchanged. However, in order to provide the ATCo with more freedom of control, the interface has been enhanced to support direct manipulation of the vertical profile. Secondly, the route control has been expanded, providing the controller with more freedom to plan the horizontal path.
Direct manipulation of the vertical profile
When a conflict cannot be resolved by a change in speed alone, separating the aircraft vertically is often a more preferred option than re-routing them from their originally planned horizontal path. This not only prevents the spreading of trajectories within the sector, but also has less of an impact on the aircrafts planned arrival time at the fix.
The interface supports this by letting the controller select an intermediate altitude on the VSD, by means of direct manipulation, to which the selected aircraft will descend. Note that only descents are considered in the current research. The trajectory is then immediately recalculated with the following implications:
• The vertical profile is recalculated such that the aircraft descends (with idle thrust) to the intermediate altitude,
after which it will continue its cruise until top of descent to the fix;
• The selected time-space line will slant upwards slightly due to the lower ground speed caused by the lower altitude (assuming a constant IAS speed profile);
• Forbidden zones in the TSD can disappear because the path of a certain aircraft will no longer be crossed; and
• New forbidden zones could appear on the TSD because the paths of different aircraft will be crossed.
forbidden zone caused by a real conflict cautionary zone drag mouse here This principle is visualized in Figure 7 . On the left side, the TSD and VSD of the selected aircraft is shown. It can be seen that the time-space line and vertical profile pass through a forbidden zone; a loss of separation will occur at a future time if nothing is done. In this case, a resolution strategy could be to let the selected aircraft descend. This can be done by dragging an indicator triangle, located at the right hand side of the VSD, downwards to a new altitude. The consequences of this action are shown on the figure to the right. As a result, the forbidden zone in the TSD will disappear because the trajectories of both aircraft will no longer truly intersect. The forbidden zone in the VSD then becomes a cautionary zone, indicating that an aircraft will pass overhead, but will not cause an actual loss of separation.
Improved manipulation of the horizontal route
In the previous research, the horizontal path of an aircraft could be stretched by either changing the arrival fix, or re-routing it around a single point within the sector. The previous validation experiment showed that in case of considerable delays, some aircraft would have to be significantly re-routed from their original paths. Consequently, the wide spread of trajectories often caused confusion; if a controller would reroute an aircraft to solve one conflict, it was likely that a new conflict would be created.
Therefore, the options to stretch the path of an aircraft have been expanded in the current research. Changing the arrival fix is still supported, but instead of re-routing aircraft through a single point, a set of waypoints can be created (only inside the own sector), fully defining the aircraft's horizontal route to the fix. Waypoints can be added, deleted, and manipulated on the plan view display by means of direct manipulation. When a waypoint is added, it can be dragged and dropped at a new location, after which the trajectory will immediately be re-calculated and visualized to the controller. This provides the ATCo with a method to create organized streams of traffic, which resembles the current method of working, and therefore, could be beneficial for situation awareness.
Consistency and reversibility of control
The three goal variables which now can be manipulated with the interface are the aircrafts speed profile (a constant IAS profile which is calculated from the selected arrival time at the fix), an intermediate altitude (which is selected on the VSD) and a set of waypoints which define the aircrafts horizontal route. From this input, a trajectory calculator can determine the complete 4DT. For the reason of consistency and clarity, the manipulation of one element should not influence a previous instruction; e.g. a change to the aircrafts horizontal route should not change the selected speed. As the three goal variables are now represented on three different areas on the interface, these are decoupled, and can be manipulated on their own representation; the route on the PVD, the vertical profile on the VSD, and the speed on the TSD (Figure 8) . Each manipulation will therefore not have an influence on the other input parameters.
Secondly, in order to let the controller investigate the various solutions which are possible for solving a situation, after each manipulation, a preview of the new trajectory is calculated and visualized on the interface. Note that this preview is only available to the controller, and meanwhile the aircraft will continue along its original path. When the controller is satisfied with the new plan, it can be sent to the aircraft for execution. If the ATCo is not, the plan can be discarded. This type of reversibility of operations for a DMI has shown to be important to reduce the controllers anxiety of working with the interface. 
C. Integration of information across screens
In the previous research, mapping information between the planning interface and the spatial situation on the PVD was reported to be difficult. As a consequence, the fact that the controllers often used the TSD as the primary display to manage the traffic frequently resulted in a poor level of situation awareness. With the addition of the VSD, more information is provided with respect to an aircrafts planned vertical profile. However, the information shown on the TSD and VSD still does not have a clear relationship with the spatial traffic situation.
The importance of integrating data across successive displays has been underlined by the concept of visual momentum. 22 Visual momentum is best described as the user's ability to extract and integrate information across displays to create a stable percept of the environment. A good level of continuity and consistency between displays is necessary to support the rapid comprehension of the presented data, and could reduce the controllers' mental effort.
Following the framework offered by this concept, two new tools have been added to the interface, purposely designed for integrating related across-screen information. These are:
• Conflict visualization on the PVD, which provides information about the spatial location of conflicts, and
• The 'ghost view' tool, with which the planned future positions of the aircraft can be projected onto the PVD.
Conflict visualization on the PVD
The forbidden zones on the TSD and VSD provide information about the nature of conflicts in the time-space and vertical dimension. Although the along-track distance of these zones can be read from both diagrams, the information is difficult to relate to a spatial location on the PVD. This was confirmed in the previous validation experiment by the fact that almost all subjects reported that it was difficult to interpret the forbidden zones.
The interface supports this across-screen translation by graphically indicating the section of a selected aircrafts trajectory which will be in conflict with other traffic on the PVD. Note that this section relates to the along-track distances at which the time-space line and vertical profile pass through a forbidden zone in the TSD and VSD respectively. When the trajectory of the conflicting aircraft is also visualized, this can provide a cue to how the conflict could be resolved by a reroute command. Figure 9 shows how this principle works. The TSD and VSD show that there will be two conflicts along the trajectory of the selected aircraft. The first conflict occurs during level flight, and the second occurs close to the fix (whilst descending). The PVD is shown on the right side of the figure with the section of conflicting trajectory highlighted. The red line relates to the occupied section of the trajectory of the selected aircraft. The second (light gray) line indicates the trajectory of the conflicting aircraft. Arrow heads are added to indicate the direction of flight. Consequently, this information can be used as a basis for a resolution strategy. For the situation in the figure: the controller could choose to let the selected aircraft fly directly towards the fix after entering the sector, resolving the first conflict. Most probably, a following change in speed could then resolve the second. The conflict visualization is updated after each recalculation and manipulation of the trajectory. As a result, it can immediately be seen if a new trajectory will result in new conflicts without having to consult the TSD or PVD.
Ghost view tool
With the previously developed interface there was no possibility to observe how the traffic situation would evolve in time, otherwise than monitoring and making a mental projection. The 4DT of a single aircraft could be visualized on the TSD and PVD (when selected), but no information was available about the future spatial interaction with other traffic. The previous validation experiment showed that when the amount of traffic was high and many aircraft had to be re-routed, it became a difficult task to fully comprehend how the traffic picture would evolve. To support the ATCo with creating a mental projection, a so called ghost view tool has been added to the interface. By dragging a slider, located at the left hand side of the TSD, up and down along the time-axis, a dynamical projection of the future traffic situation is made on the PVD; a duplicate ghost image of each aircraft is then visualized on the PVD for the selected time ( Figure 10 ). Each ghost image is labeled with the ACID for identification, and the protected zone is also shown. The tool can support the ATCo with making a global plan for the inbound traffic. For instance, by viewing the planned movements of the traffic, a logical inbound sequence can be determined, or areas in the sector which are safe to re-route aircraft through can be found. Secondly, the tool can also support the controller with the manipulation of individual trajectories; after each manipulation to speed, route or vertical profile, the ghost position of the selected aircraft is updated. The controller can then immediately see how the new trajectory interacts with the other traffic. Now that the enhancements to the three main areas of focus have been addressed, the actual implementation of interface in a PC-based simulation program will be discussed.
D. PC-based implementation
This section describes the PC-based implementation of the interface which has been built for the validation experiment. From now on the re-designed interface will be referred to as the Time-Space and Vertical Display (TSVD). Figure 11 shows a detailed sketch of the TSVD and the PVD when an aircraft is selected. On the PVD, a topdown visualization of the controlled airspace, indicating sector borders, IAFs and waypoints is provided. Note that the controller can zoom in and out, or move the center of view to a new location by using the mouse or the buttons in the bottom left corner. Furthermore, the current aircraft positions are shown on the PVD and updated every four seconds. Each aircraft has a (draggable) label attached, showing ACID, current flight level, aircraft type, indicated airspeed, ground speed and the active IAF through which they will enter the TMA. In addition, the visualization of history dots, a speed vector and the protected zone can be turned on or off, depending on the controllers preference. The selected aircraft is highlighted in white, and its planned horizontal route is shown by a white dotted line. The PVD also shows the active conflicts along the trajectory of the selected aircraft. Next to the airspace and aircraft elements, a clock showing the current (simulation) time is visualized in the top left corner the PVD. Notifications and warnings are shown in the top right corner to notify the controller of certain events. For instance, a message is shown when an aircraft enters or leaves the active sector, or confirms having received its new flight plan.
The TSVD is shown behind the PVD in the figure. However, during the actual experiment the TSVD and PVD were displayed on separate screens. The time axis of the TSD represents the time from 'now' up to thirty minutes in the future and the current hour is displayed beneath. The 'distance to the IAF' axis shows distances up to 150NM from the fix and the altitude axis of the VSD indicates flight levels up to FL300. Furthermore, a grid can be visualized along all axis of the TSVD, and a second clock is shown in the left top corner. The labels of all aircraft inside the controlled sector, or within 18 minutes from the fix are shown at their respective arrival time (along the time axis). The reason for the 18 minutes criterion is that for an ACC-ATCo in the Amsterdam FIR, inbound traffic usually first appears on the radar screen approximately 18 minutes before being handed-off to the APP controller (which is responsible for controlling the airspace inside TMA). The label contains the aircraft ID and the delay time in minutes with respect to the initial arrival time at the fix. In addition, the labels are placed in the column beneath the approach fix over which they are planned to enter the TMA. The label, time-space line and vertical profile of the selected aircraft are highlighted in white. The speed constraints and margin of arrival times are visualized by the light gray triangular area on the TSD. As will be explained in the following section, during the experimental validation the controller was either allowed, or not allowed to manipulate an aircraft in the adjacent sector. Therefore, only one triangle is shown. The forbidden zones for the selected aircraft are visualized as red circumvented areas. When a zone is clicked on, it will be highlighted and the ACID of the conflicting aircraft will appear next to it. The 'blue bars' which indicate the wake-vortex separation at the runway are also shown. In the TSVD, the blue bars do not shift to right when they overlap as in the interface designed in the previous research. Instead, the overlapping area changes color to a lighter shade of blue (this is not shown in the figure). By clicking on the label of the selected aircraft a second time (either on the TSVD or PVD), the interface will enter the 'manipulation' mode. The white color of the selected aircraft will then change to yellow as a visual indication. In this mode, the controller can manipulate the 4DT of the aircraft. The route control buttons and the button with which the ATCo can send the manipulated trajectory to the aircraft will then appear in the right bottom corner of the PVD. This was purposely done such that the controller has to focus their attention on the spatial situation on the PVD before sending the trajectory. An aircraft can either be deselected by pressing the label again, or by pressing the a dedicated key on the keyboard. Figure 12 shows a second detailed sketch of the TSVD when no aircraft is selected. The time-space lines of all aircraft are shown in the TSD. The current flight level of each aircraft is indicated on the VSD by a square located beneath the current position. In this figure, the blue bars are neatly stacked, indicating a favorable situation inside the TMA. Furthermore, the ghost view tool is active, and the slider is dragged to a time approximately twelve minutes in the future. The exact time of projection is shown above the ghost slider indicator line (on the TSD), and again in the top left corner of the PVD. The projected ghost images of the aircraft are visualized on the PVD.
V. Experiment
With the PC-based implementation of the TSVD, an experimental validation has been performed. Twelve test subjects participated in this experiment to answer the following questions:
• Does the addition of the new tools (conflict visualization on the PVD and the ghost view tool) improve situation awareness and reduce controller workload?
• What is the effect of the possibility to issue speed requests to aircraft before they physically enter the controlled sector to the controller situation awareness, workload and the efficiency of the overall traffic flow?
• What is the overall appreciation of the TSVD, and what should be focused on during a further development process?
A. Method
The experiment has been performed with a dedicated ATC-simulation program, running on a single laptop computer. The subjects were given four different scenarios to solve in the same sector, in four different conditions. During each run, the overall goal was to plan and manage the 4DTs of the inbound traffic safely (without loss of separation) through the controlled ACC-sector to the entry points of the TMA. Secondly, the arrival times of the aircraft at the IAF had to be planned such that no loss of separation would occur inside the TMA. After initialization, the subjects were free to solve the scenarios by issuing changes to the speed, route and vertical profile of the 4DTs of the aircraft. Because the trajectories were generated and executed automatically, no additional input was required from the experimenter.
Apparatus
The PVD was presented on a 17-in. wide-screen laptop monitor (60Hz LCD, 1900x1200 resolution). The TSVD was presented on a separate 17-in. screen (75Hz TFT, 1280x1024 resolution), which was placed on the left hand side of the PVD. The controller input was given by a standard mouse, which could traverse between both screens. An overview of the experiment set-up is given in Figure 13 . 
Subjects
The experiments were performed by a total of twelve subjects, divided into three groups. The first group consists of four certified ACC-ATCos, who currently execute radar ATC in the CTA sectors in the Amsterdam FIR. The second group consists of four 'retired' ATCos, two of them former military (DutchMil), and the other two civil. The last group consists of four people who have never actively controlled air traffic, but do perform work in the ATC-domain. Several participants have also participated in the previous validation experiment. Table 1 shows the details. 
Scenarios
The subjects were asked to manage the traffic in a hypothetical sector, in four different traffic scenarios. Each scenario presented a total of 17 inbound aircraft entering the sector from the north, east and south. In total each participant had to control (17 × 4 =) 68 aircraft. Outbound and transit aircraft were not considered during the experiment. Furthermore, all scenarios were approximately of an equal level of difficulty.
Three types of aircraft were simulated in clean configuration, each with different performance characteristics which influence the feasible range of 4DTs: The Airbus A319-114, the Airbus A330-301 and the Airbus A340-313. The Eurocontrol GAME 23, 24 aircraft performance model has been used to calculate the relevant elements of aircraft performance such as minimum/maximum speed and idle rate of descent.
The aircraft entered the controlled sector between FL120 and FL230, with a IAS varying between 220kts and 280kts, and were given an initial 4DT leading to one of two IAFs. For reasons of simplification, a fixed turn radius of 5NM has been assumed, and the fixed minimum landing interval between two aircraft (length of the 'blue bars') has been set to 1.7 minutes for all aircraft. The initial conditions were set such that at a certain point the TMA would become congested and the subject would have to issue changes to the 4DTs to maintain a safe and efficient sequence of aircraft.
Independent variables
For each test subject, the sequence of the scenarios was always the same, whilst the sequence of conditions varied. Two variables defined the four conditions in which the traffic had to be controlled. These were:
• TOOLS: The possibility to use the ghost view tool and the conflict visualization on the PVD, and;
• SECTOR: The possibility to issue speed requests to aircraft in the adjacent sector.
The TOOLS could either be enabled or disabled. When enabled, the controller could use the ghost view tool, and conflict visualization on the PVD was enabled. These features would not be available when the TOOLS were disabled.
The SECTOR option is defined by the ability to control the speed of an aircraft in the adjacent sector. When enabled, the 'manipulation' mode of the TSVD could be entered for all inbound aircraft. Secondly, all aircraft which were closer than 18 minutes from the fix would be displayed on the interface. When disabled, only the aircraft which were physically located inside the active sector could be controlled, and only these aircraft were displayed on the TSVD. Note that all aircraft were always visible on the PVD.
An overview of the four conditions is given in Table 2 . Table 3 shows the order in which the conditions were presented to each participant within a separate group. In total, This scheme was repeated three times (once for each group). 
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Dependent measures
The dependent measures which have been used to analyze and compare the four conditions were:
• Loss of separation. Loss of separation was measured by logging the number of separation violations between aircraft. For the experiment, the minimum separation criteria were set to 5NM horizontally and 1,000ft vertically.
• Workload. The controller workload was measured by using a digital version of the NASA-Task Load Index (NASA-TLX 25 ) subjective mental workload questionnaire. The TLX-questionnaire returns a score ranging between 0 and 100. Here, a higher score indicates a higher workload.
• Situation Awareness. The controller situation awareness was measured using the Eurocontrol SASHA 26 questionnaire, which provides an overall subjective score for SA. The scores range between 0 and 6. A higher score indicates a higher (better) level of SA.
• Logged data. During each run an extensive log was generated of the individual aircraft movements and the human interaction with the interface.
• Condition questionnaire. The participants were asked to self-grade their performance and their use of the interface by means of six multiple choice questions. Answers were given on a six level Likert scale
Final questionnaire
A final questionnaire regarding the overall use and appreciation of the TSVD was presented to the subjects after the completion of all runs. The participants were asked to grade certain functionalities of the interface, and were given the possibility to add additional comments for each question.
B. Procedure
The experiment started with a 45-minute briefing in which the basic working principles of the interface were discussed and demonstrated. This included the use of the TSD, VSD, PVD and TMA-separation bars (blue bars) to control the 4DTs of the traffic safely and efficiently. Secondly, the interpretation of the forbidden zones on the TSD and VSD, conflict zones on the PVD, and the use of the ghost view tool were explained in more detail. For this purpose, four training scenarios were available, in which the TOOLS and SECTOR options were always enabled. The level of difficulty progressed as the briefing continued (higher aircraft count and bunching), ending up with a scenario similar to the ones presented during the actual experiment. The briefing ended when the subjects indicated that they had a good understanding of the interface.
After the briefing, the subjects were told that the use of the TOOLS and SECTOR options would vary, depending on the condition. The actual initialized condition was mentioned before each run. After the initial conditions were set, the subjects were left free to control the traffic and use the interface as they wanted. During the experiment, the subjects were also allowed to fast-forward the simulation (speed × 10) when they had the feeling that all aircraft were safely controlled, or they had to wait for a next aircraft to enter the sector. Depending on the condition, the duration of the scenarios ranged between 10 and 30 minutes. In total, the duration of an experiment, including briefing and final questionnaire, ranged between two and two and a half hours.
C. Hypotheses
Next to the overall validation of the TSVD, the experiment was performed to investigate the validity of the following hypotheses regarding workload and situation awareness.
Workload
The ghost view tool and the conflict visualization on the PVD are purposely designed to reduce the controllers' mental effort to interpret and translate information visualized on the TSVD to spatial locations on the PVD. Therefore, workload is hypothesized to reduce when the TOOLS option is enabled. When the SECTOR option is enabled, the controller will be able to separate aircraft and plan the sequence of traffic further ahead in time. As a result, especially the temporal demand of ATC task is expected to be reduced.
Situation awareness
The ghost view tool has been designed with the purpose to directly visualize the (planned) time-evolution of the traffic flow to the controller. As a result, situation awareness is hypothesized to increase because interpretation and anticipation are performed for the controller. Secondly, conflict visualization on the PVD provides the controller with a spatial interpretation of the forbidden zones shown on the TSD and VSD. As the visualization of conflicts is more complete, an increase of situation awareness is expected. Therefore, an overall increase of situation awareness is hypothesized with the TOOLS enabled. When the SECTOR option is enabled, the horizontal trajectories of aircraft are expected to become more predictable; path stretching in the own sector could largely be avoided by speed changes to aircraft in the adjacent sector. Creating a mental projection is expected to require less cognition, and therefore situation awareness is hypothesized to increase.
VI. Feedback and Results
After the experiment, a detailed analysis of the experimental feedback and results has been conducted. The most important feedback and results will be discussed in this section.
A. Loss of separation
A detailed analysis of the logged trajectories of all (12 × 4 × 17 = ) 816 controlled aircraft showed that no actual loss of separation occurred inside the controlled sector at any point during the experimental runs. Figure 14 (a) shows a boxplot of the measured TLX scores per condition, and per subject group. The figure shows that the lowest workload scores attribute to the ATCo group, and the highest to the non ATCo group. Firstly, by using a Kolmogorov-Smirnov test, the TLX data were found to be normally distributed (D(48) = 0.120, p > .05). A repeatedmeasures Analysis of Variance (ANOVA) of the TLX scores showed that the between-group effect was not significant (F (2,9) = 0.627, p = 0.56). Therefore, the within-subject effects due to the TOOLS and SECTOR option have been tested for all participants combined. Figure 14(a) shows that the mean workload scores for the conditions with TOOLS enabled are lower than for the conditions with the TOOLS disabled for all groups (by comparing conditions T E S E and T D S E , and conditions T E S D and T D S D ). However, the within-subject effects showed no significant decrease in workload (F (1,9) = 1.760, p = 0.17). The results did show a significantly lower workload for the conditions with the SECTOR option enabled, compared to the conditions with the SECTOR option disabled (F (1,9) = 11.087, p < 0.01). TESE  TESE  TESE  TESD  TESD  TESD  TDSE  TDSE  TDSE  TDSD  TDSD TESE  TESE  TESE   TESD  TESD  TESD  TDSE  TDSE  TDSE   TDSD  TDSD C. Situation awareness Figure 14 (b) shows a boxplot of the measured overall SASHA scores. The figure shows that the ATCo group rate their situation awareness the highest (closest to the maximum score of six), and the non ATCo group the lowest. Furthermore, the figure shows that most situation awareness scores are located in the higher range of the scale. A Kolmogorov-Smirnov test was performed, and showed that the measured SASHA data were normally distributed (D(48) = 0.085, p > .05). Again, no significant between-group effect was found by using a repeated-measures ANOVA of the SASHA scores (F (2,9) = 1.439, p = 0.29). By evaluating the within-subject effects of all participants combined, no significant increase of situation awareness was found for the conditions with the TOOLS enabled compared to the conditions with the TOOLS disabled (F (1,9) = 3.416, p = 0.098). However, situation awareness was significantly higher for the conditions with the SECTOR option enabled, compared to the conditions with the SECTOR option disabled (F (1,9) = 6.153, p < 0.05).
B. Workload
D. Correlation analysis
A bivariate Pearson correlation test has been performed to investigate whether the workload and situation awareness scores are correlated. The results show that situation awareness has a significant negative correlation with workload (r(46) = -0.859, p < 0.001). Figure 15 shows a scatterplot of the SASHA scores versus the TLX scores for the four conditions. The figure shows that a lower level of situation awareness correlates with a higher workload. Furthermore, the highest level of SA and lowest workload attribute to condition T E S E , and the opposite to condition T D S D . 
E. Logged data
The flown trajectory, delay time and number and type of manipulations to the 4DT of each individual aircraft has been logged. Furthermore, data has been collected of the amount of mouse clicks per screen (PVD and TSVD), and of the detailed use of the ghost view tool. The most important findings are reported below.
Aircraft data
By visually inspecting all logged aircraft trajectories, a clear pattern could be seen between the experimental runs with the SECTOR option enabled and disabled. To illustrate this, Figure 16 shows the logged trajectories of scenario 1 (identical initial traffic conditions) for the ATCo group, controlled under condition T E S E and condition T D S D . Figure 16(a) shows that almost all aircraft fly directly from the sector border to the fix, indicating that the sequencing of aircraft, and most conflicts, could be resolved by issuing speed requests to the aircraft in the adjacent sector. Figure  16(b) shows that when the aircraft could only be controlled inside the active sector, the paths of more aircraft had to be stretched. By a repeated-measures ANOVA of the number of waypoint manipulations, no significant between subject group effect was found (F (2,9) = 0.934, p = 0.428). A non-parametric related-samples ranked Friedman test showed a highly significant effect of the number of waypoint manipulations between the four conditions (χ 2 (3) = 29.161, p < .001). This finding was followed up by a Wilcoxon signed-rank test to make a pair wise comparison between the conditions. Table 4 shows the details. The results show that there is no significant effect of the TOOLS to the number of waypoint manipulations (by comparing condition T E S E and T D S E and condition T E S D and T D S D ). However, the number of waypoint manipulations is significantly lower for all conditions where the SECTOR option is enabled compared to conditions where the SECTOR option is disabled. A further analysis showed that in total, the vertical profile of only nine out of the 816 aircraft had been manipulated. Furthermore, the aircraft delay times with respect to their initial 4DT have been logged. The delay times have been calculated by subtracting the planned arrival time at the runway of the initial 4DT from the planned arrival time of the 4DT at the end of the run. The zero delay cases indicate the aircraft of which the 4DT has not been manipulated. Figure 17(a) shows the cumulative frequency of the delay times per condition, for all controlled aircraft. The figure shows that the aircraft have been delayed the least with both the TOOLS and SECTOR options enabled (condition T E S E ), and the most with both TOOLS and SECTOR options disabled (T D S D ). The cumulative distributions of delay for conditions T E S D and T D S E lie close together, although, it can be seen that more aircraft could be advanced to arrive earlier than initially planned for condition T D S E . Figure 17 (b) shows a boxplot of all recorded aircraft delay times per condition, and per group. The figure shows that there is a relatively large standard deviation and that there are multiple outliers, indicating aircraft of which the planned arrival time has significantly been advanced or delayed. The average delay time per condition has been calculated for each participant. By means of a Wilcoxon test, a pair wise comparison of the delay per condition showed that only the average delay of condition T E S E is significantly less compared to condition T D S D (z = -2.118, p < 0.05). Figure 18 (a) shows a boxplot of the mouse click percentage on the TSVD for the four conditions, and per subject group. This percentage is given by the number of clicks on the TSVD with respect to the total amount of clicks on the TSVD and PVD combined. This data has been used as a rough indicator to find out on which screen the attention of the participants was mainly focused. The figure shows that for all subject groups, the mean click percentage is higher for the conditions with the SECTOR options enabled (T E S E and T D S E ), compared to the conditions with the 
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Ghost view tool
Figure 18(b) shows a boxplot of the average time of projection when using the ghost view tool. This average time of projection is given in 'seconds in the future' with respect to the time of use. As expected, the figure shows that for all subject groups, the mean average view time lies further in the future with the SECTOR option enabled (condition T E S E ). When the speed of the aircraft can be manipulated in the adjacent sector, the controller is able plan the traffic further ahead in time. By using a Kolmogorov-Smirnov test, the average view time was found to be normally distributed (D(24) = 0.069, p > .05). A repeated-measures ANOVA showed no significant effect of the average view time between the three subject groups (F (2,9) = 0.338, p = 0.72). By testing the repeated-measures within-subject effects for all participants, the average view time was indeed found to be significantly farther in the future with the SECTOR option enabled (F (1,9) = 7.478, p < 0.05).
F. Condition questionnaire
The most important findings of the answers to the multiple choice questions will briefly be discussed. Answers have been given on a six level Likert scale. The participants reported to have a more complete mental picture of the traffic in the conditions with the SECTOR option enabled. Secondly, the participants also reported to make more use of both 22 TESE  TESE  TESE  TESD  TESD  TESD  TDSE  TDSE  TDSE  TDSD  TDSD screens (TSVD and PVD) in these conditions. When asked whether they thought they managed the traffic safely, all answers ranged in the top three (out of six). However, for both conditions with the TOOLS enabled, the scores were higher (always in the top two). Furthermore, the participants reported that it was clearer to them where problems would occur in the planning with the TOOLS enabled. No significant difference was found between the conditions for the answers to whether the controllers thought they could manage the traffic efficiently.
G. Final questionnaire
The most important results which followed from the final questionnaire will now be discussed. The following notation will be used to indicate participant group: non ATCo (N), retired ATCo (R), active ATCo (A). When asked about the main strength of the TSVD, seven out of twelve participants (3N, 3R, 1A) explicitly reported that this was the option to visualize the future traffic situation by means of 'ghosts'. Four other participants (1N, 1R, 2A) more generally reported that the strongest points were the tools offered by the interface (blue bars, forbidden zones, ghost view tool) to support them with making a global plan and with sequencing the traffic. Here, one ATCo also mentioned that with a good use of the interface, a high efficiency and landing capacity can be maintained, and a predictable situation can be created for the pilots. The last participant (A) reported that the strongest point was 'the planning interface'.
When asked about the main weakness of the TSVD, four out of twelve participants (2N, 1R, 1A) indicated that this was the unclear overlapping of the blue bars. Two other participants (1N, 1A) reported that this was the inability to see when aircraft were in conflict with each other (if no aircraft was selected). Three participants (1N, 1R, 1A) indicated that the weakest point was the sensitivity and the details of the 'control' of the interface. Sensitivity of dragging waypoints, 5kts snap to the speed profile, and double clicking to manipulate the 4DT were also mentioned. Another ATCo mentioned that the weakest point was the high mental workload, and the fact that disturbances by weather etc. were not taken into account. A retired ATCo stated that the TSVD could be much better, referring to the vertical stackview display, which is currently being developed at the LVNL. Furthermore, an ATCo commented that the weakest point was that one could lose themselves in time; when controlling the traffic 20 minutes ahead in time, one could easily forget the present situation.
Several questions were presented about the influence of various aspects to the level of difficulty of the experiment. Ten out of twelve participants indicated that the limited time to learn with the TSVD did not have a significant contribution to the overall difficulty, indicating that the 45 minute briefing was sufficient to learn the basics of the interface. All participants agreed that the limited mix of traffic (no transit and outbound aircraft) made the level of the test easy or reasonably easy. Furthermore, both the answers concerning the difficulty due to the amount of controlled aircraft and due to the way in which the traffic was delivered to the sector varied strongly between the subjects. Additionally, inexperience as an ATCo (N), bunching in some scenarios (N) and inexperience of working with PC-based tools (R) were mentioned as factors which contributed to a higher level of difficulty.
Manipulation of the 4DT
Questions were presented whether the participants liked to use the three methods to manipulate the 4DT which were supported by the interface. The answers had to be rated on a 4 level Likert scale: agree, partially agree, partially disagree, and disagree. Figure 19 shows the results. Note that half points were used when a participant marked two answers. The figures show that almost all participants liked the option to manipulate the arrival time and horizontal route. On the other hand, manipulating the vertical profile was less preferred. This is probably caused by the fact that only five participants used to option to manipulate the vertical profile during the experiment (for a total of nine aircraft). Additional comments were also given: one participant (N) stated that route control provides many options to control the traffic. One ATCo commented that a 'holding' function in case of extensive delays would be a welcome addition. Two participants (1N, 1R) added an extra comment that they made little use of the option to manipulate the vertical profile, and one participant (N) commented that this option is only useful when the trajectories of aircraft cross each other en-route. When asked about the intuitiveness of the control options, the ratings concerning arrival time and route were similar to the previous question. However, the intuitiveness of manipulating the vertical profile leaned more towards the positive: agree (2N, 1R, 1A), partially agree (2N, 1R, 1A), partially disagree (2R, 1A), and disagree (1A). 
Ghost view tool and conflict visualization on the PVD
The participants were asked whether the conflict visualization on the PVD and the ghost view tool increased their insight into the traffic situation. Secondly, the participants were asked whether the mapped (across-screen) information was intuitive to interpret. Figure 20 shows the results. The figure shows that all participants agree or partially agree that the ghost view tool increases their insight into the traffic and works intuitively. However, the opinions concerning conflict visualization on the PVD are more divided. An additional comment was made (N) that the ghost view tool takes some time to get used to, but afterwards works intuitively. Secondly, it was commented (N) that the conflict detection on the PVD only shows that something is wrong along the trajectory, but not exactly how the conflict can be resolved (horizontal, vertical or speed). 
VII. Discussion
The results validate that the TSVD can be used alongside the conventional PVD to support the ACC-ATCo with planning and managing inbound traffic in a future trajectory-based form of ATC. This is underlined by the fact that all participants were able to guide the traffic into the TMA safely (conflict free) without extensive training.
Furthermore, no significant difference was noticeable in the overall performance between the three subject groups. The participants who have never actively controlled aircraft performed at the same level as the active ATCos. This can be attributed to the fact that the trajectory-based form of ATC is very different to the current form of ATC, and is therefore a new way of working for all participants. In addition, the fact that outbound and transit aircraft were not included simplified the experiment, and only provided a limited representation of the current ATC work domain.
The situation awareness and workload scores have been shown to be significantly better when the SECTOR option was enabled. A number of causes could have contributed to this. Firstly, it has been shown that the paths of less aircraft had to be stretched inside the own sector. As hypothesized, the increase in situation awareness could be explained by the fact that most aircraft flew in a straight line from the sector border to the fix, creating a more predictable and easily interpretable flow of traffic. Workload is then also reduced because changes to speed require fewer actions by the controller than manipulating the horizontal route. Secondly, when the SECTOR option is enabled, the controller has a more complete picture of the traffic on the TSVD. This makes it easier to see where sequencing and separation problems will occur in the future (overlapping blue bars and forbidden zones). Because the controller is able to manipulate the speed of all aircraft, most identified problems can immediately be resolved. In addition, aircraft which are further away have a larger margin in arrival times, thus more options for sequencing, and do not require immediate attention. As a consequence, the temporal demand of planning the traffic could be reduced as the separation and sequence can be determined long before it becomes an acute problem.
This increase in SA and decrease in workload, even with the higher amount of controllable aircraft, can also be linked to the 'first come, first serve' planning strategy which participants frequently reported to use. With this method the sequence is planned in a pair wise manner; i.e., fix the 4DT of the closer aircraft, plan the following (later) aircraft behind it. Consequently, the controllers' attention moves from aircraft which require the most immediate attention (closest to the fix and smallest margin of arrival times) to the aircraft which require the least.
Furthermore, the aircraft count itself becomes less important because all trajectories are fixed. Once the traffic is managed, little attention has to be paid to the monitoring task. This could be an indication that the size of the sector could be increased for the trajectory-based form of ATC, without a significant reduction of SA or increase in workload. A trend towards a higher level of situation awareness has been found with the TOOLS enabled. However, these results showed no significance. A reason for this could be that situation awareness scores were already relatively high for all conditions. Also, using the ghost view tool requires extra actions by the controller (moving the attention away from the actual planning task), and therefore could explain the non-significant reduction of workload. The fact that most participants reported the ghost view tool to be the strongest element of the TSVD does however validate its usefulness for creating an insight in the dynamic traffic flow.
The opinions about the conflict visualization on the PVD varied strongly between the participants. As one participant stated in the final questionnaire; the spatial location along the trajectory which is in conflict with other traffic is shown, but unlike the forbidden zones in the TSD or VSD, it does not provide a direct cue how to resolve the conflict. This could be improved by graphically indicating 'forbidden areas' on the PVD in which the paths of aircraft cannot be stretched (such as in the Phare Ground Human Machine Interface (GHMI) project 15 ). One of the main recommendations which followed from the previous research was to incorporate the vertical plane in the interface to make it more complete. Many participants, however, indicated that they did not use the information on the VSD, and did not make use of the vertical plane to separate aircraft at all. This was confirmed by the fact that the vertical profile of only nine out of 816 controlled aircraft had been manipulated during the experiment. A cause could be that the initial traffic situations of the scenarios were built up such that there were no crossing aircraft. Maintaining separation was mainly assured by changing the route or speed to merge the aircraft at the fix. Secondly, the size of the controlled sector was relatively small. The options to manipulate the vertical profile were limited because many aircraft already initiated their descent close to the sector border. When the size of the sector is increased and outbound and transit aircraft are added to the simulation, the vertical profile is likely to become a more important control variable.
VIII. Conclusion and recommendations
Experimental results validate that the TSVD can support an ATCo with managing inbound traffic safely and efficiently in a future trajectory-based form of ATC. No loss of separation has been recorded. The addition of two new tools to the interface showed a trend towards better situation awareness. However, these results were not significant. The option to dynamically project the time-evolution of the planned future traffic situation on the PVD (ghost view tool) was reported to be the strongest point of the TSVD. The importance of multi-sector coordination and the size of the controlled sector has been underlined by the significant increase of situation awareness and decrease of controller workload, which has been measured for conditions in which speed changes could already be issued to aircraft in the adjacent sector.
For further development of the TSVD, it is recommended to investigate the form in which outbound and transit aircraft could be incorporated to make it more complete. The TMA planning (blue bars) should also be improved, making it more apparent where merge problems will occur. Furthermore, when no aircraft is selected, cues should be given for the existence and the priority of conflicts. When manipulating the horizontal path of an aircraft, forbidden areas could be indicated on the PVD in which it is unsafe to reroute. Dealing with disturbances such as wind, bad weather, inaccuracies in trajectory prediction and other unforeseen events have not yet been investigated. The size of the controlled sector has been shown to have significant influence on controller workload, situation awareness and to the efficiency of the traffic flow, but was not taken as an explicit experiment variable. Therefore, further research is required to determine this relationship. Finally, the TSVD is based upon a mature state of four-dimensional operations in which all aircraft have full 4D capabilities. In order to gain operational acceptance, solutions should be found for a transition period in which both the air-and ground segment are only partially equipped.
